Abstract-A simple and accurate parameter-extraction method of a high-frequency small-signal SiGe heterojunction bipolar transistor model is proposed in this paper. It was found that, without taking the intrinsic circuit elements into account, the conductance of the substrate network will be underestimated, while the susceptance of the substrate network will be overestimated. Therefore, a new extraction technique of the substrate-network parameters was developed, which has taken the intrinsic circuit elements into consideration. Transforming the intrinsic equivalent circuit into its common-collector configuration, all the intrinsic circuit elements are extracted directly from the measured S-parameters without any numerical optimization. Two formulas used to determine the intrinsic base resistance are presented, which is followed by an accuracy-improvement procedure to achieve a better accuracy of the extraction results. Simplified formulas to determine the base-emitter resistance, base-emitter capacitance, transconductance, and excess phase delay are also presented. The proposed method is validated with SiGe HBTs fabricated with a 0.35-µm BiCMOS technology from 1 to 30 GHz. The agreements between the measured and modeled data are excellent in the desired frequency range over a wide range of bias points.
I. INTRODUCTION

S
iGe HETEROJUNCTION bipolar transistors (HBTs) were first demonstrated in the late 1980s [1] and quickly became popular in wireless communication applications, in the form of wireless transceiver circuits [2] , [3] , due to the higher performance than the Si devices and higher integration level than the III-V devices. An accurate extraction method for a small-signal equivalent circuit of SiGe HBTs is vital for designing a circuit, evaluating the process technology, and optimizing device performance. Recently, several papers have reported small-signal equivalent-circuit parameter-extraction methods for SiGe HBTs [4] - [7] , in which the substrate effects have been taken into account. Most of these extraction techniques for the substrate network were based on the use of the frequency behavior of (Y 22 + Y 21 ). However, we found out that the feedback signal through the internal circuit elements makes (Y 22 + Y 21 ) deviate from the admittance of the substrate network, and the modeling results may have no physical meaning if the parameter extraction of substrate networks is directly performed on the mea- . Therefore, to extract the substrate-network parameters, the intrinsic circuit elements of SiGe HBTs should be determined first.
In this paper, we present a simple and accurate parameterextraction method of a high-frequency small-signal SiGe HBTs model and an improved extraction method of substrate-network parameters. The equivalent circuit adopted in this paper is based on the hybrid-π topology which is popular in commercial circuit simulators such as vertical bipolar inter-company model (VBIC), most exquisite transistor model (MEXTRAM), and high-current model (HICUM). Based on the algorithm proposed in [8] and [9] , this paper expands the essence of the extraction technique in hybrid-π-topology HBT small-signal modeling. Since the intrinsic base resistance is involved in the extraction of some intrinsic circuit parameters, an accurate extraction of the resistance is important to avoid any accumulated errors. Two formulas used to determine the intrinsic base resistance are presented, which is followed by an accuracyimprovement procedure to achieve a better accuracy of the extraction results. All the circuit elements are extracted directly from a measured S-parameter without any preknowledge or numerical optimization. In the extraction of substrate-network parameters, we extract the intrinsic circuit parameters first to erase the influence of a feedback signal through the internal circuit elements. The proposed extraction procedure was experimentally verified on a SiGe HBT in the frequency range of 1-30 GHz [10] .
II. EXTRACTION OF EXTRINSIC ELEMENTS AND
SUBSTRATE-NETWORK PARAMETERS Fig. 1 shows the small-signal equivalent circuit of a SiGe HBT under forward-active-mode operation. The model is based on the well-known hybrid-π equivalent circuit with a threeelement substrate network adding a parallel RC block connected in series with the collector-substrate capacitance [11] . The equivalent circuit is divided into two parts, with the inner part (in the dashed box) containing the bias-dependent intrinsic elements and the outer part with the mostly bias-independent extrinsic elements.
To extract the equivalent-circuit parameters, pad parasitics are carefully removed from measured S-parameters through a de-embedding procedure using an "open" test pattern. Some remaining parasitics not removed in the de-embedding procedure, such as parasitic capacitances, pad inductances, and series resistances, are relatively small, but lead eventually to errors in extracting the intrinsic elements. Thus, their values should be determined carefully. After removing the residual parasitics, the extraction of substrate-network parameters and, subsequently, the intrinsic parameters can then be performed.
As reported in [12] - [14] , the extraction of parasitic elements is made by biasing the device first in forward operation (high base current I B ) in order to extract the parasitic resistances (R bx , R c , and R e ) and inductances (L b , L c , and L e ). The device is then biased in the cutoff operation mode (the collector voltage V CE = 0 and the reverse and/or low forward base voltage V BE ), permitting the extraction of the parasitic capacitances (C bep and C bcp ).
Under the bias conditions (V BE = 0 and forward and/or low reverse collector voltage), the substrate-network parameters can be estimated from the Y -parameters analysis of the equivalent circuit shown in Fig. 1 . After removing the extrinsic inductances, parasitic capacitances, extrinsic base resistance, and collector resistance, the equivalent circuit of Fig. 1 is reduced to that of Fig. 2(a) .
In this paper, the substrate network Y sub is composed of the substrate-collector depletion capacitance C sub , effective substrate resistance R bk , and effective bulk capacitance C bk , accounting for the Si dielectric behavior. For simplicity, the influence of emitter resistance R e has been neglected where the approximation is valid for (ωR e C π ) 2 1. We transform the intrinsic part of the device equivalent circuit (R bi , C π , and C bci ) using the well-known T ↔ Π transformations shown in detail in the right side of Fig. 2(b) . After the two-port matrix operations, the admittance parameters of [Y k ], which is shown in Fig. 2(b) , is obtained as
From (2) and (3), we can derive where
From (4), it is clear that (
, which is composed of the intrinsic circuit elements. If the extraction of substrate-network parameters is performed on Y 22,k + Y 21,k , the conductance of the substrate network will be underestimated, and the susceptance of the substrate network will be overestimated.
To extract the substrate-network parameters, Y 3 should be determined first. From (1) and (2), R bi and C π can be obtained as
As shown in Fig. 3(a) , the R bi extracted from (7) is nearly constant, and the ωC π extracted from (8) is linear. We find R bi = 19.04 Ω and C π = 78.97 fF at V CE = 3.0 V, and V BE = 0 V for the 3 × 0.34 × 8 µm 2 SiGe HBT. In the low-frequency range, Re(Y 11,k ) can be approximately rewritten as [15] 
A typical result of (9) at V CE = 3.0 V and V BE = 0 V for a 3 × 0.34 × 8 µm 2 SiGe HBT is shown in Fig. 4 , from which the slope is fitted as 1.393 × 10 −25 . The intrinsic base-collector capacitance C bci can be extracted as 6.553 fF from Since the accuracy of the extracted C bci will strongly affect Y sub , it is necessary to check the validation of the extracted values. In this paper, the C bci is obtained from the calculation of R bi , C π , and β. The extracted R bi is frequency independent, as shown in Fig. 3(a) . The extracted C π is collector-voltage independent and is equal to Im(Y 11 + Y 12 )/ω − C bep at low frequency. Since Re(Y 11,k ) under cutoff-mode operation has been widely used in [15] - [17] , we believe β can be extracted accurately. Therefore, the extracted C bci is reliable. After obtaining Y sub from (4), C sub , R bk , and C bk can be determined by the previously reported method [5] , [15] . Fig. 7 shows the collector-voltage dependence of the extracted substrate-network parameters. The solid line shown in Fig. 7 is the empirical fitting for C sub by the equation
−m sc , and the fitting value are 10.83 fF, 9.54 fF, 0.702 V, and 0.47 for C sub,p , C sub,0 , V sci , and m sc , respectively.
To explain the bias dependence of R bk and C bk , a simple n + -p junction shown in Fig. 8 is used to represent the collector-substrate junction of SiGe HBTs. When the collector voltage increases, the collector-substrate depletion width W sub increases due to an increasing reverse bias across the junction. Therefore, the width of the neutral region W bk reduces, leading to the reduction of R bk and the increase of C bk [11] . After extraction of the substrate-network parameters, Y sub is deembedded through the standard two-port operation. 
III. EXTRACTION OF INTRINSIC CIRCUIT ELEMENTS
Usually, the admittance parameters of the intrinsic HBT in common-emitter configuration [Y n ] are used to extract intrinsic circuit elements [18] , [19] . A much simpler set of equations is obtained if the equivalent circuit of the intrinsic HBT is transformed to its common-collector configuration, as shown in Fig. 9 [8] , [9] . After the two-port matrix operations, we arrive at the following ABCD-parameters [A c ] of the intrinsic HBT
A c,12
A c,22
where g m = g m0 exp(−jωτ ), Y π = 1/R π + jωC π , Y bc = jωC bci , and Y ex = jωC bcx . The advantage of transforming the intrinsic circuit into its common-collector configuration is that some circuit parameters such as g m and Y π only appear in A c, 12 and A c,22 , and this facilitates the extraction of some intrinsic circuit parameters.
A. Extraction of R bi , C bci , C π , and C bcx From (11) and (13), the well-known ABCD-parameter formulation for the extraction of intrinsic base resistance R bi , which is given in [8] , is shown as
Re
A c, 12 A c,22
Since the ω 4 term in the denominator is much smaller than the ω 2 term at the middle-to high-frequency ranges, (14) is simplified to
A c, 12 A c,22 SiGe HBT. The R bi estimated from (15) is then applied to obtain the intrinsic base-collector capacitance C bci through the following equation
The value of R bi C bci is calculated from the slope of (17) when plotted versus the angular frequency ω, as shown in Fig. 11 . It should be noted that the adopted R bi from (15) only serve as an initial value, and it will be corrected in the accuracyimprovement procedure. By examining (10) to (13), we can extract the intrinsic base-emitter capacitance C π through the following equation
Im
The value of C π is calculated from the slope of (18) when plotted versus 1/ω, as shown in Fig. 12 .
To extract the extrinsic base-collector capacitance C bcx , we obtain the following equation by inspecting (10) and (12)
In the low-to middle-frequency ranges, the ω 4 term in the denominator is much smaller than the ω 2 term. Also, the ω term in the numerator is much smaller than the ω term. Thus, (19) is simplified to
| at low to middle frequency . (20) The value of C bci + C bcx is calculated from the slope of (20) when plotted versus 1/ω, as shown in Fig. 13 . Since the value of C bci has been previously determined, C bcx is obtained by subtracting C bci + C bcx from C bci .
B. Accuracy Improvement of R bi , C bci , and C bcx
In (17) and (20), we found that R bi plays a significant role on the accuracy of the extracted C bci and, subsequently, the accuracy of the extracted C bcx . However, the estimated value of R bi from (15) is lower than the real one. Thus, an accuracyimprovement procedure is necessary and is listed as follows.
1) As mentioned in Section III-A, the value of R bi estimated from (15) is applied in the extraction of C bci through (17) . The extraction result of C bci is used in the extraction of C bcx through (20) . 2) The new lower and new upper limits of R bi is obtained by taking the extracted C bci and C bcx in the calculation of (21) and (22), respectively. 
The calculated R bi | L is sent back to step 1) to repeat the calculation to step 2). Once the difference between R bi | L and R bi | U is minimum, R bi | L is treated as the final R bi . A typical result of the proposed accuracy-improvement procedure for the 3 × 0.34 × 8 µm 2 SiGe at I B = 7.915 µA, I C = 1.332 mA, and V CE = 3.0 V is shown in Table I . The difference between R bi | L and R bi | U decreases very quickly in the first four iterations. The extracted R bi , C bci , and C bcx are found to be 17.873 Ω, 4.55 fF, and 15.26 fF, respectively.
C. Extraction of R π , g m0 , and τ
The remaining unknowns are the intrinsic transconductance g m0 , excess phase delay τ , and base-emitter resistance R π , which can be calculated as follows:
The value of R π is estimated as 2.922 kΩ at I B = 7.915 µA, I C = 1.332 mA, and V CE = 3.0 V for the 3 × 0.34 × 8 µm
2
SiGe HBT, as shown in Fig. 14 . The transconductance g m0 and the excess phase delay τ is calculated as follows: 
IV. RESULTS AND DISCUSSION
The proposed direct extraction method was applied to determine the parameters of the test devices, which were mul- tifingered SiGe HBTs fabricated by the 0.35-µm BiCMOS technology [10] . The device under test (DUT) has three fingers, and the emitter's width and length are 0.34 and 8 µm, respectively. Typical cutoff frequency (f T ) and maximum oscillation frequency (f max ) are about 23 and 40 GHz, respectively. S-parameters are measured in the common-emitter configuration using on-wafer RF probes and an HP 8510C vector network analyzer. The initial calibration was performed on a separate ceramic calibration substrate using a short-open-loadthru (SOLT) calibration method. Fig. 16 shows the comparisons between the measured and calculated S-parameters for V CE = 2 V and V BE = 0.8 V, which is the worst fit in the test bias conditions. Good agreements over the whole frequency range were obtained. Table II gives the small-signal model parameters' values for the extracted bias-dependent and bias-independent elements. The residual discrepancy calculated by the error function [7] , [20] is 0.752%. Therefore, we believe that the proposed method is an accurate extraction technique applicable to evaluate the process technology and optimize the transistor design.
V. CONCLUSION
In this paper, an improved extraction technique for the small-signal modeling of SiGe HBTs is proposed. Being different from other methods, this technique considers the internal feedback signal through intrinsic circuit elements when extracting the substrate-network parameters. Without this, we may extract a negative effective substrate resistance in the large-area SiGe HBTs since the measured Re(Y 22 + Y 21 ) is negative due to the interaction of intrinsic circuit elements. Transforming the intrinsic equivalent circuit into its commoncollector configuration, all the circuit elements are extracted directly without using any optimization. Two formulas of intrinsic base resistance (R bi ) are presented, which is followed by an accuracy-improvement procedure to obtain better accuracy of the intrinsic base-collector capacitance (C bci ) and extrinsic base-collector capacitance (C bcx ). Simplified formulas to determine the base-emitter resistance (R π ), base-emitter capacitance (C π ), transconductance (g m ), and excess phase delay (τ ) are presented. The measured and calculated S-parameters have an excellent agreement with below 1% discrepancy in the frequency range of 1-30 GHz over a wide range of bias points.
